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Introduction
Morphometry based mouse brain phenotyping with Magnetic Resonance Imaging (MRI) has become increasingly prevalent in biomedical research. High throughput imaging, whole brain coverage and ease of genetic modification in the mouse (Henkelman, 2010; Rosenthal and Brown, 2007) have made it well suited for studying neuropathology in disease models such as those for cancer treatment effects Gazdzinski et al., 2012) , Huntington's disease , Autism and Alzheimer's disease (Allemang-Grand et al., 2015) . In addition to highlighting neuroanatomical abnormalities, MRI can be used for straightforward comparison of findings between mouse and humans thereby serving also as a bridge between clinically available measurements and histological analyses. Since a mouse brain is much smaller, image resolution must be increased in order to achieve equivalent "anatomical resolution" for comparable visualization of structures. Although increased field strength and custom radiofrequency coils provide a boost in signal-to-noise ratio (SNR), long scan times are often necessary to achieve desired resolutions with a sufficient SNR. Due to constraints in scan time and contrast delivery, in vivo imaging is limited in the contrast and resolution that can be achieved. On the other hand, ex vivo imaging can use extremely long scan times (conveniently fitting in overnight slots), even smaller radio-frequency coils and high-dose contrast agents to achieve superior image quality . As a result, in studies where longitudinal information is not needed, ex vivo MRI is frequently preferred for neuroimaging and morphological characterization in the mouse.
To prepare samples for ex vivo MRI studies, chemical fixation is performed to preserve macromolecular structure and prevent breakdown of tissue over long-term storage (Bancroft and Gamble, 2008) , analogous to similar preparations for histology and immunohistochemistry analysis. For large tissue samples, such as the brain, perfusion fixation is used to deliver fixative rapidly and uniformly throughout. In many cases, perfusion fixation is followed by immersion in fixative for 24 hours or more to ensure fixative distribution through the tissue and the formation of protein cross-links (Thavarajah et al., 2012) . Once the fixation process is complete, samples can be transferred to an appropriate isotonic solution for storage until such time that imaging can be performed. With the expansion of ex vivo mouse brain MRI to many centers worldwide, a variety of fixation and storage protocols are now in use. It is not clear what variations in these protocols might produce confounding effects in phenotyping studies, or what variations in protocol can be tolerated and still be considered equivalent. Such variation may become of particular importance when comparing brain anatomy across a set of studies or retrospectively investigating differences in related mouse models , but it is also of interest for guiding experimental design generally.
Previously, our lab identified artifacts that can arise during perfusion fixation and highlighted the importance of perfusion flow rate and perfusate for preserving morphology and contrast (Cahill et al., 2012) . The purpose of this manuscript was to characterize the impact of post-perfusion immersion fixation and storage time on brain morphometry. Specifically for MR phenotyping, we focus on the case where the brain is left inside the skull for imaging, because it has already been established that leaving the brain within the skull is beneficial for the preservation of brain structure (Redwine et al., 2003; Sharief et al., 2008; Johnson et al., 2007; Johnson et al., 2011) . The presence of the skull both limits structural change (particularly expansion) and exposure to the surrounding medium. This means that published studies on sample preparation in which the brain was extracted from the skull do not accurately represent the circumstances which phenotyping within the skull, which we consider best practice. It is our intention that this manuscript investigates in detail how different post-perfusion protocols can impact brain morphology inside the skull, and how that might affect MR phenotyping studies from a practical standpoint. In particular, we analyzed the effect of immersion fixation time, and the long-term changes that occur with storage. We further investigated extremes of volume change by mismatching the osmotic concentration of the specimen storage solution. Our results showed that changes in morphometry occur non-uniformly throughout the brain, mostly resulting in decreases in tissue volume with prolonged fixation and storage times. We conclude by outlining what flexibility can be tolerated in a typical fixation protocol and by providing rules of thumb that should be followed to ensure samples remain comparable while retaining some practical flexibility in image timing.
Methods

Perfusion Fixation
C57BL/6J mice from the Centre for Phenogenomics (Toronto, Ontario, Canada) in-house colony were perfusion fixed at 6 weeks of age, as approved by the Centre for Phenogenomics Animal Care Committee. Transcardiac perfusion was performed as previously described (Cahill et al., 2012) . The first perfusate solution was made up of 30mL of phosphate-buffered saline (PBS), 1μL/mL of heparin, and 2mM of ProHance (gadoteridol, Bracco Diagnostics Inc., Princeton, NJ) and was administered at a rate of 1mL/min. This was followed by a second solution made up of 30mL of 4% methanol free formaldehyde (commonly referred to as paraformaldehyde aqueous solution) and 2mM of ProHance in PBS. After completion of perfusion, the head was decapitated and extracranial tissue removed, leaving the brain inside the skull in order to preserve brain structure. The sample was then soaked in 4% formaldehyde and 2mM ProHance for 24 hours at room temperature on a rocker. It was then transferred to a solution of 2mM ProHance and 0.02% sodium azide (NaN3) in PBS where it was left to soak for 24 hours at room temperature on a rocker. Finally, the solution of ProHance and NaN3 in PBS was replaced, and samples were stored at 4 o C for 5 days, after which an MR image was acquired. This will be referred to as the baseline MR scan for all of the study groups. Note that this baseline includes 24-hours fixation, 24-hour soaking and an initial 5-day storage period (i.e., 7 days between perfusion and imaging), which previous research identified was required before a stable SNR was achieved (Wong et al., 2009) . We consider this to be the minimum fixation and storage times needed to preserve tissue and allow ProHance distribution throughout, as required for reducing spin-lattice relaxation time (T1) (Johnson et al., 2002) 
Study Groups
To test the impact of additional changes in the protocol fixation and storage time, two groups of samples were prepared:
1) 24 hour fixation & PBS storage for 2.5 months (n=8) or 5 months (n=8), 2) 120 hour fixation & PBS storage for 5 months (n=7), Samples chosen for 24-hour fixation and storage (group 1) were placed in the solution of ProHance and NaN3 in PBS and left in storage at 4 o C for 5 months. Over the 5-month period, samples were removed and scanned every three weeks for the first 2.5 months. Half of the samples were scanned twice more thereafter. Samples were always returned to the container and solution from which they were removed. Samples chosen for 120 hour fixation time (group two) were placed back into a solution of 4% formaldehyde and ProHance in PBS after the baseline scan and left to soak for an additional 48 hours. Subsequently, the samples were washed in a Prohance-PBS solution for 5 hours, to remove free fixative, and then imaged. This was repeated again after another 48 hours of fixation (i.e. a total of 96 additional hours, and 120 hours altogether), before the samples were placed in the ProHance and NaN3 in PBS solution for storage. As with the first group, 120h-fixed samples were scanned every 3 weeks during storage for the first 2.5 months and once again thereafter at 5 months. To investigate the possible impact of osmotic concentration on storage-induced volume changes, a third and fourth group were also prepared:
3) 24 hour fixation & water storage for 3 weeks (n=11) and, 4) 24 hour fixation & 10xPBS storage for 3 weeks (n=8). Samples in groups three and four were processed with the 24-hour fixation protocol and then placed in a solution of ProHance and NaN3 in either distilled water or 10xPBS. These samples were stored for 3 weeks at 4 o C before they were imaged. It should be noted that groups 3 and 4 are not intended to represent potential storage protocols, but to test extremes of osmotic change.
Ex vivo Imaging
Structural ex vivo MR images were acquired on a 7T scanner (Agilent Technologies Inc.) using a T2-weighted 3D fast spin echo sequence (56 μm isotropic resolution, TR = 2000 ms, TE = 42 ms, echoes = 6, echo spacing = 14 ms, field-of-view = 25 mm x 14 mm x14 mm, scan time = 11.5 hours). Samples were scanned in a proton-free susceptibility-matching fluid (Fluorinert FC-77, 3M Corp., St Paul, MN). A custom-built 16-coil solenoid array, with individual solenoid diameter of 13mm, was used to image 16 samples at a time. Before analysis was performed, compensation for geometric distortion based on sample location was applied (Lerch et al., 2011a) .
Volume Measurements
As anticipated for some fixation/storage conditions (Cahill et al., 2012) , shrinkage of tissue over the course of the study caused the area between the brain and skull to fill with fluid, presenting as a bright rim in MR scans. Before automated registration could be performed, the bright rim was automatically detected and masked from the image (Supplementary Figure 1) . After, images from all studies were aligned together to form a single consensus average using an automated registration process . Voxelwise differences between samples were calculated using the Jacobian determinants of the individual deformation fields. Volume measurements of the brain were then calculated in the following two ways: 1) A pre-defined atlas (Dorr et al., 2008) , having 62 brain structures, was registered to the consensus average. The Jacobian determinants from the deformation fields of each sample were used to calculate the volume of each structure.
2) The pre-defined atlas was mapped to 7 different mouse brain average MR scans, having varying contrast. These 7 atlases were used as input for a multi-atlas based segmentation. Each individual image was registered nonlinearly to each of the 7 input atlases and a voxel voting procedure was used to identify the final segmentation for each image.
Contrast and Signal-to-Noise Measurements
The deformation fields from the automated registration process were used to map the 62 structure atlas into each individual image space. For each structure, contrast was calculated by subtraction of the mean signal intensity within that structure from that of the neighboring structure that shared the longest border ( Supplementary Table 1 ). As a more global measure, the 62 structure atlas was split into 3 tissue types: grey matter, white matter and ventricles. Based on these, a total grey matter versus white matter contrast was also calculated for each brain. Two masks were also created for each image: 1) encompassing the entire brain and 2) encompassing a region of noise outside the brain and surrounding tissue. The signal-to-noise ratio (SNR) was then calculated as the mean intensity inside the brain mask divided by the standard deviation inside the noise mask. These measurements were conducted in the original image space.
Statistical Analysis
To examine the effect of fixation and storage, a statistical analysis was performed using a linear mixed effects model. For all groups, structure volume, voxel volume and contrast were modeled linearly with respect to time. Random offsets for each sample were included in the model to account for population variability. The Likelihood Ratio Test was used to test the significance of each regression coefficient by comparison to a model in which that coefficient was excluded, with results reported as chi-squared (χ 2 ) statistics with associated p-values. In addition, samples stored for over 3 weeks were modeled with a natural spline of 2 degrees of freedom, having boundary knots at 0 and 2.5 months, and a breakpoint at 1.25 months (the natural spline is constrained to be linear at the endpoints). The Likelihood Ratio Test was again used to determine whether the natural spline provided a better fit than the simpler model above (i.e., linear in time). Where appropriate, p-values were replaced with q-values after being corrected for multiple comparisons using the false discovery rate (FDR) method (Benjamini and Hochberg, 1995) . Finally, it should be noted that all statistics reported are on fixed effects obtained from the mixed-effects model. In order to better visually represent the fixed effects alone, random effects, also obtained from the model, were removed from the data before being plotted in a figure. Parametric bootstrapping was then used on the normalized data to create confidence intervals for the fixed-effects alone, ignoring any effects that biological variability may have on estimation of the intercept.
Results
Long-term storage in PBS results in brain tissue shrinkage and increased image contrast.
To investigate the effects of storage time on brain morphometry, after transcardiac perfusion, samples were immersion fixed for 24 hours and then stored for 5 months (group 1). Over the 5 month time period, total brain volume was found to decrease by approximately 3% ( Figure 1A , χ 2 (1)=22.9, p<0.005), with a total white matter, grey matter and ventricular volume loss of 2% ( Figure 1B , χ 2 (1)=8.0, p=0.005), 3% ( Figure 1C , χ 2 (1)=21.6, p<0.005) and 9% ( Figure 1D , χ 2 (1)=40, p<0.005), respectively. Closer inspection with a natural spline model demonstrated that, while total brain and GM volume loss is roughly linear (χ 2 (1)<1, p>0.3), WM volume either increases slightly or is largely unchanged during the first month of storage (χ 2 (1)=4.5,p=0.03), before ultimately decreasing in volume. On the other hand, ventricular volume was found to decrease very rapidly (χ 2 (1)=36.8, p<0.005), before stabilizing after two months. Of the 62 segmented structures in our atlas, volume change with respect to storage time was found to be significant (q<0.05) in 41, of which 32 were found to decrease in volume, with the largest 5-month volume change of 15% in the ventricles ( Figure 1E ). Most volume changes were more modest. For example, the hippocampus, which is of interest in many neuroanatomical studies due to its role in memory, exhibited a total volume decrease of 4.5%. Of the 41 significantly affected structures, 13 were better modeled with a spline than a line during the first few months of storage ( Figure 1F , q<0.05), indicating the rate of volume change was time-dependent. While most of these structures decreased in volume more rapidly initially, a few WM structures such as the corpus callosum and anterior commissure initially increased in volume, reaching a maximum after 6-8 weeks of storage, before decreasing. Ventricular volume was found to change most rapidly during storage, with differences greater than 5% being detected during the first month. However, if ventricular volume is not of particular interest in a given study, the tissue is more stable, with volume changes in the white and grey matter exceeding 5% only after 5 months.
When analyzing the effect of storage on CNR, we found that there was a significant increase in GM versus WM CNR overtime ( Figure 1G ). In fact, 29 of the 62 segmented structures had a significant linear relationship with storage time, 23 of which were found to increase in CNR ( Figure 1I ). SNR was unchanged during storage ( Supplementary  Figure 2A ). This presents an interesting trade-off when storing samples, with longer storage times leading to greater contrast and scan quality but with a change in tissue volume.
Formaldehyde Fixation Results in Immediate Tissue Shrinkage Paired with Ventricle Expansion.
Instead of being transferred into storage, samples chosen for group two, that had been immersion fixed for 24 hours, were transferred back into formaldehyde solution for 4 days. The increased fixation resulted in a significant decrease in total brain volume ( Figure 2A , χ 2 (1)=7.3, p=0.007). This trend is attributed largely to the decrease in grey matter volume ( Figure 2B , χ 2 (1)=8.5, p=0.003), as white matter volume remained unchanged ( Figure 2C , χ 2 (1)=0.18 p=0.7). In contrast, ventricle volume expanded significantly during this time ( Figure 2D , χ 2 (1)=6.7 p=0.01). 19 of the 62 segmented structures were found to have a significant (q<0.05) linear dependence on fixation time ( Figure 2E ). As expected, grey matter structures, such as the frontal lobe, decreased in volume with fixation, and ventricular regions, such as the third ventricle, increased in volume. A voxelwise analysis more closely investigated this relationship ( Figure 2F ). Ventricles and other CSF spaces (showing as bright on the MR images) are mostly increasing in volume ( Figure 2F , yellow arrow) while surrounding tissues are mostly decreasing in volume ( Figure 2F , white arrow).
Samples imaged during extended fixation had a significantly lower SNR than the baseline scan ( Figure 2G ). While we did not investigate the cause of the SNR decrease, it has been previously demonstrated that the presence of free fixative significantly reduces T2 (Shepherd et al., 2009) , and that fixative may reduce effective proton density (Petiet 2007) . Consistent with this expectation, it can be seen in our experiments that SNR of these samples returned to almost baseline SNR values after soaking in PBS (Supplementary Figure 2B) . Regardless, we were concerned that the global loss in SNR may impact our registration-based analysis and bias volume and contrast observations. Therefore, we also analyzed the extended fixation samples after adding noise to the baseline MR scan (to render it equivalent to the two subsequent scans) and registered the resulting images with the remaining two time points ( Figure 2H ). Results from this analysis suggest that the altered SNR did not substantially alter our conclusions on the effects of fixation on volume ( Supplementary Figure 3) . Though less dramatic than during extended storage, GM versus WM CNR was also found to increase during fixation ( Figure 2I ). 41 of the 62 structures had a CNR significantly dependent on fixation (q<0.05), 27 which showed an increase ( Figure 2J ).
Hour-and 120 Hour-Fixed Samples Experience Similar Volume Loss During Storage
Once fixation was complete, samples fixed for 120 hours were placed in PBS for storage. After 5 months, these were found to have a similar decrease in total brain volume as the 24-hour fixation (group 1) samples (χ 2 (1)=2.5, p=0.1). Differences in volume also remained unchanged in the GM, WM and ventricles (χ 2 (1)<2.5, p>0.1). Only 8 of the 62 segmented structures had a significantly (q<0.05) different volume trajectory in the 120 hour fixation samples compared to 24 hour fixation, with 7 of them showing a decreased change. The hippocampus, which was found to decrease in volume by 4.5% over 5 months after standard fixation, only decreased by 1% following extended fixation (group 2) ( Figure 3A) . The posterior portion of the anterior commissure was the only structure to show an increased change after 120h fixation. The SNR of the 120-hour fixed samples returned to normal during storage and remained steady for the entire study (Supplementary Figure 2B) . Changes in CNR after extended fixation (group 2) also followed a similar trajectory when compared to 24 hour fixation (group 1) ( Figure 3B) , with only 1 of the 62 segmented structures having a significantly different outcome with respect to fixation duration (q<0.05). Overall, while there is a detectable effect of fixation on volume and contrast trajectory during storage, it is very small compared to the effect of storage alone for most of the brain.
Osmotic Concentration of the Storage Solution Affects Volume and Contrast Changes
Under the hypothesis that osmotic concentration differences were responsible for the changes in volume during storage, we expected that the changes could be increased or decreased by altering the storage solution. To start, we placed samples fixed for 24 hours into a solution of distilled water and measured volume changes after 3 weeks of storage compared to the initial scan (group 3). While most of the brain remained unchanged during water storage ( Figure 4A, χ 2 (1)=0.052, p=0.81), total white matter volume was significantly increased ( Figure 4C, χ 2 (1)=11.6, p<0.005). Of the 19 structures significantly altered by water storage (Figure 4E, q<0 .05), 11 of them increased in volume, including the corpus callosum ( Figure 4H) , the arbor vita of the cerebellum, and the cerebral peduncle. Since it is more difficult for the brain to expand than shrink, due to the limitations of the skull, it is likely that the decrease in total ventricular volume ( Figure 4D , χ 2 (1)=4.6, p<0.03) is a compensatory measure in this case. While not significant, a trend towards compression of structures at the front of the brain was also observed, and may also be a result of the expansion identified closer to the back (Supplementary Figure 4) . Unlike during storage in PBS, only decreases in CNR were found, with 33 structures being significantly affected ( Figure 4I, q<0 .05).
We also increased the osmotic concentration of the storage solution (group 4). Samples stored in 10xPBS showed dramatic and brain wide decreases in volume ( Figure 4A -D, χ 2 (1)>17.0, p<0.005). 46 structures were significantly altered ( Figure 4F, q<0 .05), including the hippocampus ( Figure 4G ) and the corpus callosum ( Figure 4H) , with a maximum decrease of 15% after only 3 weeks, as opposed to 5 months when stored in PBS. Also, while most structures had increasing contrast when stored in standard PBS solution, 37 out of the 40 affected structures ( Figure 4J , q<0.05) had decreasing contrast after storage in 10xPBS, showing a prominent decrease in contrast similar to that seen after storage in water. In both cases, storage solution did not reduce SNR significantly below 25 (Supplementary Figure  2C) which we consider sufficient for consistent registration and volume measurements (Kale et al., 2008) .
Changes in Volume do not Depend on Atlas Registration Method
To investigate possible biases in our measurements that may result from the influence of changing contrast on the registration algorithm, structure volume for each image was also calculated using a multi-atlas based segmentation procedure . It has been demonstrated previously that multi-atlas based approaches increase segmentation accuracy, especially in cases where atlas bias may be introduced due to differences in contrast or SNR compared to the reference atlas. For each group, a structural analysis was performed on both volume measurements acquired using a traditional registration approach (to a single atlas), as well as the multi-atlas approach. While there were some differences between the two atlas segmentations, and more structures reached the significance threshold using the multi-atlas approach, the trends were the same and our conclusions are not affected by the volume measurement method (Supplementary Figure 5) .
Discussion
This study used ex vivo MRI to track the changes that occur in brain morphometry during immersion fixation and storage. Unlike previous research, which have focused on the effects of formaldehyde fixation on brain volume and MR relaxation properties (Douglas et al., 1981; Quester and Schröder, 1997; Shepherd et al., 2009; Weisbecker, 2012; Yong-Hing et al., 2005) , the present work focused more on storage effects, as these are of practical significance in conducting research (e.g., the time between fixation and scanning is harder to control than the amount of time spent in fixative). In addition, previously work has investigated samples that have been removed from the skull, or even only small pieces of tissue, in order to characterize these changes while reducing diffusion time. The work provided here serves a practical purpose focused on detailed measurements of morphometry, and how the sample preparation and storage may affect it.
It has been established previously that changes in brain weight over many days of fixation proceed as follows: immediate and rapid swelling due to water intake, followed by a slow shrinkage due to cross-link formation and soluble solid leaching (Hackett et al., 2011) . In the current study, mouse brains were perfusion fixed and then submerged in formaldehyde-fixative for 24 hours before a baseline scan was acquired. In the mouse, the swelling process is mostly complete after 24 hours of fixation (Weisbecker, 2012) . As such, whole brain volume loss, as we detected during extended fixation, is consistent with previous research. One important difference in our methods compared to other fixation research, is that brains prepared for imaging and morphometric analysis are left inside the skull to better retain structure (Lerch et al., 2011b) . Within the confines of the skull, expansion of tissue may proceed only at the cost of compression somewhere else. As a result, we expect that swelling of the tissue may not proceed identically to what has been previously described.
Another important difference in our study, when compared to other ex vivo specimen preparation protocols, is that our samples are not permanently stored in fixative. Samples are submerged in formaldehyde only long enough to sufficiently fix the tissue (Cahill et al., 2012) and then removed so as to reduce dramatic changes in volume that may affect our morphometric results. Once fixation is complete, samples are transferred to an isotonic solution to be stored until scanning can take place. During storage in PBS, small changes in volume were still detected, likely due to residual osmotic concentration gradients and movement of water, ions and other small solutes. While tissue shrinkage in storage is greatly reduced (from 3.5% per day during fixation to 3% per month during storage) there is still a troubling non-uniformly distributed change in volume that is detectable. This response difference is likely dependent on the cellular makeup, as indicated by clear differences in white and grey matter outcome. Another contributing factor is the presence of the skull, which limits exposure to the storage solution when compared to extracted brain samples. This is most clearly demonstrated during storage in water. Structures found at the back of the brain increased in volume while structures at the front of the brain did not (Supplementary Figure 4) . It is likely that proximity to the brain stem, the large opening in the skull where fluid may enter, dictated the outcome. As such, we expect that, for our study, the response of a particular structure is dictated by cellular composition, storage solution and geometric constraints affecting exposure to the surrounding fluid.
In ex vivo samples, ventricles, which are normally filled with cerebrospinal fluid, lose rigidity due to decapitation. Unlike the white and grey matter, there is very little substance inside the ventricles to help maintain their shape. It was therefore not surprising to find that ventricular volume was most affected during fixation and storage, likely filling or emptying according to pressures from the surrounding tissue. In the case of storage in water, expansion of tissue was paired with a compression of ventricular space. Interestingly the converse, shrinkage of tissue, was not always paired with expansion of the ventricles. When samples were stored in PBS or 10xPBS, fluid instead filled the subarachnoid space between the skull and the brain (Supplementary Figure 6) , and the ventricles decreased in size with the rest of the tissue (Figure 1D, 4D) . In contrast, when samples were submerged in formaldehyde, fluid did not pool in the subarachnoid space ( Supplementary Figure 6) , but instead ventricular volume expanded ( Figure 2D ) while the tissue shrank in size.
While unwanted decreases in volume were detected during standard storage in PBS, remarkable brain-wide increases in contrast were found. Surprisingly, submerging the samples in any other solution (i.e. formaldehyde, water or 10xPBS) resulted in decreases, or mixed changes, in contrast. In this regard, increased storage time in a standard PBS+ProHance solution may be advantageous. In order to investigate the possible influence of contrast on our volume measurements, we also calculated volume for each structure using an automated multi-atlas based segmentation procedure , which is expected to be less sensitive to bias that may be introduced when registering images of different contrast and SNR. These results were indistinguishable from the simpler atlas registration approach. To investigate this further, we looked for any relationship between contrast change and volume change, revealing only a weak correlation that was not significant (Supplementary Figure 7) . We also investigated the effect of SNR differences on our results. We did this for the 120 hour fixation group by adding noise to the baseline MR scan, making SNR the same for all three imaging time points ( Figure 2H ). We then registered the modified baseline images with the images for the remaining two time points, and analyzed the data in the same manner as before. Despite the decrease in SNR, our results and conclusions on the effects of fixation remained the same (Supplementary Figure 3) . Taken together we conclude that, while there may be a slight effect of contrast and SNR on our volume measurements, it is likely not the main contribution. We did not investigate whether ProHance specifically is required for this effect. Other gadolinium-based contrast agents may be used in ex vivo brain imaging, and we have found that results among these are similar, but that the contrast may also differ slightly between them, possibly due to local differences in accumulation. Furthermore, we use ProHance for the purpose of reducing T1 globally (and then image based on a T2-weighting). Previous investigations of the accumulation of contrast agent over time have been reported in slightly different contexts (Petiet et al., 2007) .
One of the limitations of our study is that we did not control for the effect of repeated scanning on volume. When samples are scanned, they are removed from the storage solution and placed in a proton-free solution (Fluorinert) to remove background signal. The samples are scanned overnight and placed back in the storage solution the next day. During long-term storage, when the samples are scanned more than three weeks apart, it is unlikely that these scans have a large effect. While studying the effect of fixation, the scans were taken closer together, and therefore the potential effect of soaking in a proton-free solution for 18 hours may be an important consideration.
Conclusion
In this paper we have demonstrated that formaldehyde-fixation and storage in PBS result in volumetric changes as high as 3.5% per day and 3% per month, respectively. These fixation and storage-induced differences are not only on the order of those we may be attempting to detect, but also non-uniformly distributed throughout the brain. Further investigation into this phenomenon using non-standard storage solutions (i.e. water and 10xPBS) demonstrated that cellular composition and exposure to the surrounding fluid are likely contributors to these differences. As a result, morphological analyses may yield quantitatively different results dependent on the exact fixation and storage protocol, potentially masquerading as phenotypic differences. In order to ensure such confounding differences in volume are tolerable within a study, we have established a few "rules-of-thumb", which we hope will be useful guidelines for study and protocol design in the future. In order to establish these rules-of-thumb, we used the fitted curves determined in Figures 1 and 2 and compared the changes, as a percent of the baseline (ie. 7 days post perfusion) volume, across the different structures. We did this for both changes in immersion fixation time (data not shown) and storage time ( Figure  5 ).
Rules for keeping maximum volume differences less than 5% (or 1%): 1) maintain less than 1.5 days (7 hours) difference in fixation time, 2) image all samples after the first 7 days, but before 40 days (14 days) of storage, or 3) image all samples after the first month and before the sixth month (third month) of storage.
Based on these rules, the best-practice protocol for preparation of fixed samples for morphometric analyses that we use is as follows: 1) perfusion fixation as described in our methods 2) immersion fixation in a 4% formaldehyde solution for 24 hours (for which consistency should be easy to maintain)
3) storage in a PBS solution for one month (in order to achieve good contrast) 4) imaging of the samples before the fifth month of storage is complete
It is important to note that not all labs or experiments permit the convenience of being able to prepare and store samples until the optimal scanning time. Though the above protocol may not be the most practical for all labs or experiments, we hope our results will provide an appreciation of the compromises that may be made with altered fixation or storage times. The rules of thumb provided will help limit the level of variability while remaining practical. It should be noted that it was previously established, in an experiment with simulated deformations, that the registration algorithm we use consistently underestimates the applied volume differences . As a result, we suspect that the volume differences reported here are underestimates of the changes physically taking place. While the validity of the rules for morphometric analysis remain unchanged, it is important to note that the use of these rules for other applications must proceed with this consideration in mind. In the end, our results provide a cautionary note to studies of mouse brain morphology, highlighting the effect that alterations in any post-fixation protocol can play and emphasizing the importance of consistency in certain parts of sample preparation. Figure 1 . Long term storage of fixed samples. Following the standard 24 hour fixation protocol, samples stored in PBS for many months will demonstrate a continuous decrease in total brain (A) and grey matter (B) volume. Total white matter volume (C) increases slightly during the first 2 months before ultimately decreasing in volume as well. On the other hand ventricle volume (D) decreases very rapidly before stabilizing. To model these effects, each structure was fit with a linear mixed effects model with respect to storage time. In (E), the slope of this line, as a percentage of initial structure volume, is presented as a colour map superimposed on the average ex vivo image. Only those structures for which there was a significant (q-value<0.05) change in volume are displayed. Structures were also tested for a nonlinear relationship with storage time. To demonstrate this non-linear relationship, the change in volume during the first month of storage is presented as a colour map in (F) and those with a significant (q-value<0.05) effect are presented. The CNR of each structure was also fit with a linear mixed effects model, the slope of which is presented in (G) for significant (q-value<0.05) structures. The SNR during storage remained unchanged (Supplementary Figure  2A) . In (H) and (I), representative examples of increasing CNR are plotted with respect to storage time. For all plots, fitted curves and bootstrapped 95% confidence intervals are shown in colour, and individual measured values, after removal of the fitted random effect term from the mixed-effect model, are shown in black. Significant changes in volume, as determined by the fit, are indicated with a p-value.
Figure 2. Changes in Structure Volume During Formaldehyde Fixation.
When standard preparation samples are transferred back into formaldehyde for 4 days there is an immediate change in structure volume, depending on the location in the brain. While the whole brain (A), constituted mostly of grey matter (B) decreases in volume, the white matter (C) remains mostly unchanged. In contrast, the ventricles (D) increase in volume significantly during this time. To model this response, each structure was fit with a linear mixed effects model with respect to fixation time. In (E), the slope of this line, as a percentage of initial volume, is presented as a colour map superimposed on the average ex vivo image. Only those structures for which there was a significant (q-value<0.05) change in volume are displayed. Volume increases appear to be limited to ventricular regions, and decreases to the nearby grey matter. In (F), significant (q-value<0.05) changes in voxel volume are presented as a colour map superimposed on the average ex vivo image where ventricular expansion (yellow arrows) and nearby tissue shrinkage (white arrows) are more easily identified. As demonstrated in (G), SNR was significantly altered during fixation. We normalized for this difference by adding noise to the first scan to match the overall SNR of the remaining images (H). With this correction CNR-dependence varied by structure, with some showing a linear increase and others a decrease, the slope of which is presented in (I) for significant (q-value<0.05) structures. For all plots, fitted lines and bootstrapped 95% confidence intervals are shown in colour, with measured data, after removal of the fitted random effect term from the mixed-effect model, in black. Significant changes in volume, as determined by the fit, are indicated with a p-value or with a star above/below the tested coefficient (**p<0.005). When 120-hour fixed samples are stored in PBS for 5 months there is little difference in the volume and contrast trajectory compared to standard 24-hour fixation. 8 structures showed a significant (q-value<0.05) difference in volume outcome, and only 1 showed a difference in contrast. In (A), the hippocampus was shown to decrease by almost 5% after standard fixation, and by only 1% when fixed for 120 hours. In contrast, the posterior portion of the anterior commissure (B) was shown to increase by almost 5% after standard fixation, but increased by 12% after 120-hour fixation. Fitted means and bootstrapped 95% confidence intervals are shown by the points and error bars. Only the first complete post fixation scan (time 0) and 5 months storage scan (150 days) are presented, for simplicity. Storage of samples in non-isotonic solutions for 3 weeks was modelled linearly with respect to storage time. In (A-D) the modelled change in volume is plotted for the whole brain (A), grey matter (B), white matter (C) and ventricular (D) volume. It is evident from these plots that 10xPBS causes the brain to shrink dramatically. Changes while soaking in water are less dramatic, with slight increases in white matter volume. This can be seen more clearly in (E) and (F), where the difference at 3 weeks, as a percentage of initial volume is presented for each structure. The colour map superimposed on the average ex vivo image shows only those for which there was a significant (q-value<0.05) change in volume. In (G) and (H), representative examples of changing volume during storage are shown. CNR was mostly found to decrease linearly with respect to storage time, regardless of storage solution. In (I) and (J) the difference in CNR at 3 weeks for significant (q-value<0.05) structures is presented. Again, representative examples of changing contrast are shown in (K) and (L). Changes, as calculated from the fit, and bootstrapped 95% confidence intervals are plotted in colour for each soaking solution. Measured data for each sample, after removal of the fitted random effect term from the mixed-effect model, is shown as a black point. Significant changes in volume compared to the initial scan, as determined by the fit, are indicated with a star above/below the tested coefficient (*p<0.05, **p<0.005).
Figure 5. Volume Changes During
Long term storage of fixed samples. Following the standard 24 hour fixation protocol, samples are stored in PBS for many months. To model any changes that result, each structure was fit with a linear mixed effects model with respect to storage time. The fitted curves, as a percent of the initial volume, are presented in (A) with the 62 structures divided into grey matter (green), white matter (brown) and ventricular (purple) regions. In (B), the same data has been plotted again, with the ventricles removed so that changes in grey and white matter can be seen more clearly.
